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In this note we document a variant on the procedures that have been developed for
cleaning and anodizing bulk GaAs samples for the polarized source. They are based largely
on SLAC procedures that are documented in Technical Note # 90-3. The variations
presented here are appropriate for “batch-processing” of three to four chips at a time.
Refer to the original note for additional information. As was the case in the original note,
we reproduce the paper by Schwartz that was the basis of the SLAC anodization procedure
and a SLAC internal memorandum by T. Roder on measurements of the thickness of the
anodization layer that results from this procedure as appendices. Additional appendices
provide information on the cleaning of the NPL deionized water system, on the cleaning
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of glassware, and on the preparation of the necessary solutions.

Materials necessary to etch 3-4 chips

[ T T

(any convenient diameter)
large Pyrex dish for ice
large poly spill tray
pair of eye protection with splash guards
chemical resistant lab coat
pair of chemical resistant gloves
scale (accurate to 0.1 grams or better)
bag of crushed ice
pure aluminum foil
Alconox soap

Equipment Chemicals'

1 |{ 1000 ml Pyrex Beaker Methanol

3 | 400 ml Pyrex Beaker Acetone

3 | 600 ml Pyrex Beaker 1,1,1 Trichloroethane

1| 100 ml Pyrex Beaker Hydrofluoric acid

3 | 400 ml poly tripour beaker Sulfuric acid

1 | poly basket Phosphoric acid

1 | stainless steel tweezers 30% hydrogen peroxide

1 | teflon coated tweezers Ammonium hydroxide

1 | glass thermometer Sodium Hydroxide pellets
1 | hot plate Deionized water (see Appendix C)
1 | 6 inch length of pure platinum wire

t All chemicals should be electronic grade or better.




Procedure

1. Degrease Wafers:

(a) Place three to four GaAs wafers in the nalgene basket, face up.

(b) Pour enough trichloroethane into a 600 ml beaker to cover the basket.
(c) Ultrasonically clean for 15 minutes at low power.

(d) Repeat steps 2 and 3 using acetone, then methanol.

(e) Repeat degreasing procedure twice.

2. Prepare Etching Solutions (see Appendix E)

3. Etch Wafers (see notes on following page):

(a) Place the three etching solutions in a nalgene spilltray. A separate beaker with
deionized water should be nearby. The H,SO4 etching solution should be on a
hotplate adjusted to maintain the solution at 50 C, and the NaOH temperature
should be maintained at 30 C.

(b) Remove the basket containing the crystals from the methanol and rinse with
deionized water straight from the dispenser.

(c) Slowly lower the basket into the H,SO, solution.

(d) Etch for 3 minutes, face up, agitating occasionally to prevent surface bubble
formation. Make sure that the solution is maintained at 50 C.

(e) Slowly remove the basket from the H,SO4 solution, rinsing it and the crystals
thoroughly and continuously with deionized water as you transfer them to the

HF etch.
(f) Slowly lower the basket into the HF. Etch for 5 minutes, agitating occasionally.

(g) Slowly remove the basket from the HF, rinsing it and the crystals thoroughly and
continuously with deionized water as you transfer them to the NaOH solution.

(h) Carefully lower the basket into the NaOH, etch for 1 minute, agitating occa-
sionally. Maintain the solution temperature at 30 C.

(1) Remove the basket and rinse it and the crystals thoroughly and continuously
with deionized water while transferring them to a beaker filled with deionized
water. '

(j) Lower basket into deionized water.

(k) Leave the chips on the deionized water and begin the anodization process de-
scribed below. You will do the anodization one chip at a time. Complete the
anodization of all the chips as quickly as possible so that the chips spend the
minimum possible time in the water beaker.



Notes for the etching steps.

e Do not expose surface to air during each of the etching steps.

e Start with new glassware which you leach the first time with boiling deionized
water (see appendix D).

o Use electronic grade chemicals; be sure 30% H,0, is fresh.
¢ Do not leave GaAs in H,0 longer than absolutely necessary.

e Mix all etches fresh (see Appendix E). Prepare all items beforehand.

4. Anodize Wafers (see notes on following page):

(a) Begin with a 100 ml Pyrex beaker that has been cleaned following the procedure
outlined in Appendix D, and then rinsed three times with distilled water in the
ultrasonic cleaner.

(b) Prepare 1/2 liter of 2.8 ph phosphoric acid solution (made by adding 3-5 drops
of acid to 500 ml of deionized water).

(c) Sheath the ends of a pair of stainless steel tweezers with pure aluminum.

(d) Form a loop about the size of a chip with the platinum wire and suspend it from
the side of the 100 ml beaker so it is 1/4 - 1/2 an inch from the bottom.

(e) Place the tweezers in the beaker and fill it with the phosphoric acid solution.
(Do not fill it past the top of the aluminum sheath on the tweezers.)

(f) Apply a negative 60-75 Vdc to the wire and ground the tweezers, let it run until
the current stabilizes.

(g) Remove the tweezers and scrape off a bit of the blue anodization at the tip of
the tweezers; this provides good electrical contact with the chip.

h) Replace the phosphoric acid solution in the 100 ml beaker with fresh solution
P
(again keeping the liquid level below the top of the aluminum sheath on the
tweezers).

(i) Under water, transfer a chip to the tweezers, and then transfer it to the 100 ml
beaker. (Make sure the chip is face up and under the platinum loop.) Caution:
Do not let the tweezers touch the platinum wire.

(j) Apply a negative 40-50 Vdc to the wire to begin the anodization process; monitor
the current, and continue the anodization until the current has stabilized at its
minimum value for at least one minute and no new gas bubbles are formed on
the surface of the GaAs, indicating that the anodization is complete.

(k) Remove the GaAs wafer to a second beaker and rinse in five changes of deionized
H,0 with agitation, face up. Then rinse with five changes of methanol with
agitation, face up.

(1) Remove the chip and blow it dry with dry nitrogen boil off; store in a dry box.
(m) Repeat steps g-1 for each chip.



(n) If long term storage is planned, store the GaAs in an inert atmosphere (ie., in
a dry box flushed with dry N,) following the procedure outlined by Schwartz in

the attached paper.

Notes for the anodization steps.

e Shape the platinum wire used as a cathode for the anodization in the form of
a 1”7 diameter loop with a “tail” in the plane of the loop having a hook at its
end; The “tail” and hook should be fashioned so that they will hold the loop

fully immersed in the anodizing solution.

e Be sure to change the chemicals for each crystal. Prepare all items beforehand.
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The Anodization of GaAs and GaP
in Aqueous Solutions

Appendix A:

B. Schwartz,* F. Ermanis, and M. H, Brastad
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

The anodic oxidation of GaAs and GaP in properly conductivity- and/or
pH-adjusted water has been successfully demonstrated under both constant
voltuge and constant current conditions. With HsPO, as the acidic conduc-
tivity/pll modifier, uniform, well-controlled oxides have been grown in the
pH range 2.5-3.5. The oxide thickness-vollage relationships for both GaAs
and Gal® are linear, with slopes of approximately 20 and 12 A/V, respectively.
At room temperature, oxides as thick as 3600 and 2000A can reproducibly be
grown on GaAs and GaP, respectively; at 100*C, an oxide as thick as 5000A
has been grown on GaAs, Under basic conditions, with NH;OH as the con-
ductivity/r:H modifier, oxides have been grown in the pH range of 10-11, but
dissolution of the oxide in the bath results in much poorer control than in
the acidic system; this dissolution effect can be utilized more in the line of
electroetching than in simple oxide formation. Anodic oxidation, with rela-
tively little oxide dissolution, has also been accomplished in near neutral-pH
water (i.e., ~T7) with (NH,):HPO,; as the conductivity/pHl modifier. Re-
stricted-area oxidation and/or etching has been demonstrated whereby a pre-
fabricated photoresist pattern is used to define restricted areas for anodization;
lines as narrow as 5z wide ure readily delineated. Anodization in aqueous
solutions containing either Cl= or NO3~ ions is shown to result in simple
electroetching, and current densities in the range 10-20 mA/cm? are demon-
strated to be most effective for controlled electroetching. The grown oxides
are soluble, in HCI, HNOjy, and H.SO,, and are aflected by prolonged contact
with water. If properly baked, however, the oxide grown on GaAs shows
no evidence of change in months of storage in laboratory air; the oxide grown
on GaP does show evidence of moisture absorption after 1 month of equivalent
storage. A preliminary analysis of some of the controlling clectrical faclors
during anodization shows that under constant voltage conditions, the current

(1) varies as
A
-V
Bt 4-C

and under constant current conditions, the time derivative of the voltage is a

= .

constant. =

The growth of native oxides on GaAs and GaP by
galvanic and anodic techniques (1-4) using 30% aque-
ous solutions of H.0. as the electrolyte has been shown
to be a useful new technology for passivation of semi-
conductor device surfaces (5, 6), as a diffusion mask
(7), and for selective area etching (2). The use of a
bu_!!ered aqueous solution for the growth of an anodic
oxide on GaP has recently been described (8). This
Paper describes the successful results of growing anodic
oxides on GaAs and GalP using water as the electro-
l;'“?. under the proper conductivity and/or pH condi-
tions, F"or both materials, the oxide thicknesses are
'Pprm_nmately linear with applied voltage, but the
:‘li':c'flul:aliop of rapid film dissolution at the oxide-
factom yte mlerre_me can be an appt:ectable correction
'-'nlir: l0 be consldered.' In {act,_lt is _showp ‘lhat the
ide ot l}«{nge, from :mudw'oxldat_mn w!th nl{l]{lnal [>.&3
si ualc “"‘fg to total anodic etching with minimal re-
bro surface oxide, can be controllably achieved by

opher '»‘h(_llt'e of anion, pll, and conductivity conirol.
e Eet‘.hmu: 0{ anion in the pl!/c‘unducti\"i!y modifier
Simple a very important factor, and mndmr_ms where

_mn]luflodlc etc!_m:lg 1S uchle\*ttd'm'u dcscrlh_@d.
nology .), the Ift-as?bnh‘ly of combining phnlor?slst tech-
oxide dltld oxld:_atmn in water to make restrmled‘aroa
d'-ltlorp:rte-ms directly on the surface of the semicon-
€lectro) t‘? "howﬂi under the proper solution cpndlt:ons,
can alsoybw etch]ng' through _lhese photoresist masks
€ accomplished readily.

* ¥l
: cf

; i‘xtr ;:‘:.:hfmi_c‘_“ Society Active Member.

| Slgy,, 3 native oxides, compound sciiconductors, anedic ox!-
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Experimental Procedure

The electrolytic cell used for this study was almost
identical to that previously described (1), except that
either a constant voltage or a constant current supply
could be used as the powér source. Because the reagent
was water instead of H.0., the lack of reaction be-
tween the platinum cathode and the electrolyte elim-
inated the need for a baflle in the system, and a simple
quartz beaker was, therefore, used as the bath con-
tainer. The semiconductor samples were either partly
or fully immersed in the bath while held in an alumi-
num clamp since the aluminum also anodized in water
(3). The water used in these studies was 15 megohm-
em at the resin bed and 6 megohm-cm at the point of
use; the pH of the starting water was approximately
6.5. When anodization was attempted in this water
directly, it was found that the conductivity was so low
that almost the entire voltage drop occurred across
the solution (2) and very little appeared at the semi-
conductor-clectrolyte interface, so that no oxide growth
was achieved. The pH of the water was adjusted down-
ward with H;PO,; or upward with NH,OH; in one
ceries of anodizations, the pH was made nearly neutral
(i.e., 7.8) with (NH,):HI’PO, as the conductivity modi-
fier,

The GaAs slices were all n-type, (100)-oriented,
Si- or Te-doped at about 1 x 10'%/cm?. Most of the
GaP used was n-type, (111)-oriented, Se-doped with
[Ny — Na| between 0.1 and 1 X 10'8 A few experi-
menls were performed on p-type, Zn-doped Gal> with
INa — Ni| = 0.5 to 5 X 10'8, All samples-were chem-
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Fig. 1. Current vs. time during anodization of n-type GoAs at
constant voltoge of 60 and 200V in acidic (pH = 2.5) water.

mechanically polished directly from the saw-cut con-
dition in a 0.075% bromine-in-methanol selution, on
a PAN-W polishing cloth, YFollowing this step, the
slices were given at least 12 cycles of acetone wash in
a Soxhlet extractor, then air dried and stored until
used,

After anodization, the samples were either water-
rinsed and air-dried, or water-rinsed and bake-dried
in a nitrogen-purged oven for 1 hr at 95°C and 2 hr at
250<C; then the thickness and index of refraction were
determined on a Rudolph ellipsometer! at 6328A radia-
tion.

Experimental Results

" Anodic oxidation in acidic [H3PO,] water: GaAs.—A
monitoring of the current as a function of time, for
constant voltage anodizations and with the room tem-
perature water adjusted to a pll of 2.5, yiclded the
data presented in Fig. 1. At voltages up to and includ-
ing 170V, all of the results appeared similar to the 60V
curve; the entire surface arca of the grown filim was
uniform in color and specular. However, at biases in
the range 180-200V, the data shown as the 200V I-t
curve resulted. The films were’ still uniform in color,
but were slightly hazy in appearance; above 200V, the
samples took on a nonuniform mottled look (1).

A monitoring of the voltage as a function of time,
for constant current anodization, with the room tem-
perature water adjusted to a pH of 2.5, yieldéd the
data shown in Fig. 2.2 The conclusions {o be drawn
from these data are: (i) the apparent eritical current
density necessary to start the oxide growth, and (ii)
the apparent linear relationship between voltage and
time, which is to be compared with the very nonlinear
current-time curve determined for constant voltage
anodization (see Fig. 1). In the case of constant volt-
age, if the anodization is allowed to proceed long
enough for the asymptotic current level to be ap-
proached, or in the case of constant current a predeter-
mined voltage level is reached,* a plot of the resulting
oxide thickness against applied voltage yields a straight
line, as shown in Fig. 3. Note that this curve extrap-
olates back through the origin and has a slope of about
20 A/V.

In order that the influence of temperature on the
thickness-voltage curve might be determined, a series
of samples were anodized in water at 100°C (i.c., the
water was adjusted to a pH of 2.5 at room temperature
and then brought to its boiling point). The data ob-
tfained are shown in Fig. 4; note that the lower por-

' A few measurements were also made on a Gaertner ellipsometer
with 5461A light.

2 Although the area of the exposed surfaces was held relatively
constant al aboutl 1 em?, there was cnough unmeasured variation to
fndhicale that the eurrents listed do not necessarily reflect the ab-
solute current densitivs,

2 Assuming the tune to be long enough for the achievement of a
steady-state condition, and e voltapge 10 be near neither the
Lreakdown Hmit of the oxide nor the saturation limit of the power
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Fig. 2. Yoltoge vs. time during anodization of n-type GoAs in
the constant current mode in acidic (pH = 2.5) water.
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Fig. 3. Oxide thickness vs. bios voltage for n-type GoAs anodistd
at constant voltage in acidic (pH = 2.6) water.

tion of this curve is linear with a slope of approX”:
mately 25 A/V, but that as the voltage increases Fh' l
thickness dependence rises superlinearly, np]n‘ﬂm"."".‘ 1
almost 50 A/V at the upper end before the "Hlllillllt_’
vollage is reached. This higher order de])enclullfe"l.
similar 1o that observed in the anodization of G¥
in bniling ]‘]-302 (3). <
The elfeet of varying the pH on the grow:h '?f ’;' 3
oxide at a fixed bias (i.e., 45V) is shown :n Fif °
note the falloff in growth rate below a pH oi 29%
above a pil of 3.5. e f
As was observed in the anodization of Ga‘&,’h;; t
H.0. (3), a bake in dry nitrogen at about 250°C 7 ¢
been found suitable for stabilizing the grown 0-"‘;;‘,_ 2
Thickness changes of less than 104 and refrat z
index shifty (ie, from n = 1.80) of less than * e
have been observed during this drying prote .’
‘The stabiliztd oxide has been found to be solubl® i
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Fig. 4. Oxide thickness vs. bias voltage for n-type GoAs anodized
at constant voltage in acidic (pH = 2.6) water at 100°C,
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in li!_'l"‘m. as was found with the anodic oxide
 Xlupe 1 202, the oxide grown in water was in-
By h Bro-CH30H whether it was baked or not.
e 0 room air, the baked oxides showed no ob-
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Fig. 6. Current vs. anodization time for n-type GaAs in basic
water (pH = 10) at constant voltage.

servable changes over a period of 10 months. In direct
contact with deionized water, however, both the as-
grown and the baked oxides developed localized pin-
hole-type defects and nonuniform thickness changes.
Optically levered laser-beam measurements (9) on
10 mil thick GaAs slices anodized in acidic waler in-
dicated that there is no measurable stresst induced in
the samples after anodization, after baking at 250°C,
or after annealing at 650°C in dry nitrogen for % hr.
Anodic oxidation in basic [NIH,OH] water: GaAs.—
Figure 6 shows the results of attempting anodization
of GaAs, in room temperature water adjusted to a pil
of 10, under various constant voltage conditions. The
most obvious result is that at 20V no oxide of any
appreciable thickness grew and only etching wus
achieved. Secondly, even where oxide growth was
evident (i.ce., by current falloff with time), the ulti-
mate leakage current was relatively high (ie, 2 to 3
times as high as in the acidic case shown in Fig. 1),
again indicating rapid dissolution of the oxide under
steady-state conditions. Further evidence for this rapid
dissolution of the native oxide in basic water is shown
in Fig. 7. In this case, an initial bias of 120V was ap-
plied to the sample for 40 sec, after which time the
voltage was dropped to only 20V; this lower bias was
then maintained for approximately 60 sec. The se-
quence was then repeated twice before the power sup-
ply was turned off. On examination of any complete
cycle in Fig. 7, it becomes quite obvious that during
the second part of the cycle, where the bias on the
sample was maintained at the lower voltage (i.e, 20V),
the resistance of the cell was changing with time, This
resistance change was the result of a thinning of the
oxide layer by dissolution, until the very thin, steady-
state oxide thickness for the 20V was achieved.
Anodization under constant current conditions in
water at a pil of about 10 also yielded data indicative
of excessive etching of the oxide (see Fig. 8). In ad-
dition, whereas constant current anodization in acidie’
water yielded a linear dependence of the voltage on
time, there is evidence that deviation from linearity
occurred in a number of cases for the basic system.
The nonveproducibility of oxide thickness for basic-
water oxidation was also illustrated when a plot of
thickness wvs. voltage was atlempted; the scatter of
the points was so large as to make this kind of plot
essentially meaningless, thus indicating the poor con-
trol for growing oxides in high pH solutions. How-
ever, the potential for use of this pll range as an
eleéctrolytic etching region becomes attractive,
Anodic oxidation in acidic [HsPO,] water: GaP.— .
When Gn}" was anodized in room temperature water

+ Minimum measurable stress level In GaAs is “1-2 x 10° dynes/
com (2). - -



1092

40 I~

CURRENT (mi)

20 i~

120V |20V 120V
L] 1 1
TIME { 20 sec/div.)

120v| 20V,
4] |

Fig. 7. Behavior of anodization current as a function of time
during anodizotion of n-type GaAs in basic (pH =11) water at
cycled biases of 120 and 20V. The current maximum of 52 mA waos
due o o current limiter on the powder supply used.

100 —

m“ -
w =
=
4
& 60—
>

N 25
40— mi
zo_lﬂlm\ 8 £

A
{— 15 mA
Py SR TN T N T 1 N T O W 1 §
TIME | 20 sec/div.)
GaAs in

Fig. 8. Voltage vs. time during aenodization of n-type
the constant current mode in basic (pH = 10) water.

adjusted to a pH of 2.8, at either constant voliage or
constant current, curves similar to those shown in Fig.
1 and 2 were obtained. Figure 9 is a plot of thickness
vs. voltage for both p- and n-type GaP anodized at
constant voltage. The plot also shows the negligible
effect of drying on the film thickness. The slopes of
the straight lines through both sets of data are ap-
proximately 12 A/V. The one for n-type GaP, however,
is shifted toward higher voltages, thus showing that
n-type material anodized at identical voltages grows
an oxide approximately 100A thinner than p-type ma-
terial. This voltage shift is believed to be due to the
different (i.c., lower) doping level of the n-type sam-
ples (10). In any case, the ullimate oxide thitkness
achievable in the anodization of GaP is lower than
that for GaAs which can be anodized under similar
conditions at about 20 A/V. . = -

Another effect that is delineated in the data of Fig.

9 is the nonlinearity-of the apparent film thickness .

in both the low and the high voltage ranges. A prob-

able reason for the scatter in the low voltage range. '
is the relatively large uncertainty inthe assignment-
of thickness values from the ellipsometrically. mea-.

1_ssvnapimtars A anrd = in thiv.~the thin film. re-
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Fig. 9. Ellipsometrically determined oxide thickness vs. opplied
voltage for p- and n-type GaP onodized in acidic (pH = 2.0
water. The wavelength of the measuring light source was 63284,

P

gion (11). It is believed that in the thick oxide region
of the curve, the deviation from linearity is only an
artifact of the measurement; evaluation of the film
thickness on a rotaling-analyzer ellipsometer (12)
yields data to indicate that the thickness extripolales
linearly to about 200V, The fact that the refractive
index appears to vary as a function of the oxifgle-
forming voltage (see Fig. 10), and that the variation
seems to be measurement wavelength dependent art
thought to be due to an anomalous reflectivity eff
at the oxide-semiconductor interface (4). An ultcml-"
is under way at this time to achieve an understanding
of this anomaly.

When the effect of pH on the growth of the GaP-
oxides in acidic media was examined, the data shown
in Fig. 11 were obtained. Again, a falloff in oxide
thickness was observed below a pH of about 2 2%
above about 3.5. As noted in Fig. 9, baking the oxidized-
samples at 250°C for 2 hr in a nitrogen-purged oved;
had very little effect on the oxide thickness. Howevel §
anodization at a pll less than 2 yielded some W‘T
startling results in the aging characteristics of i
formed oxide. Whereas an oxide grown on GuP at?
— 2.7 and not stahilized can sit in a flat-pack on t,m
shelf for about 2 weeks with no apparent chang® i
thickness or refractive index, a film grown at 2
of 1.9 or less will show drastic color changes wl der
lowed to sit unstabilized for less than 1 dey ““br
identical conditions. The instability of the oiide e
comes evident on the baked samples as well arter 5‘(35
age of about 1 month, when localize s

T St & Y AR e e 77 s e

O
it iy Eo

d color chang® det
be observed. The new color spots are those of 0¥ 7
thicker than those originally grown, thus indlca_“"sag {
swelling of the oxide, possibly due to absorpl“"i‘w_'
moisture from the atmosphere. This relative @IIS“‘ 5

"is to be compared to the case of a galvanic oxide 3‘"“;
on- GaP which was bake-dried and showed no )
.in thickness or. refractive index after storageé in T %

.y

_air for 2.5 years. d
- - ey
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» Qvereq Ing the first 2 or 3 days, the sample remained
¥ warg incthh‘ an oxide which showed a tendency to-
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appearance, however, no exact thickness measurements
were obtainable,

Anodic oxidation in basic [NH,;OH] water: GaP.—As
was found with GaAs, anodi:ation of GaP in water at
PH of 10-11 can yield relatively thick surface oxides
as an end product. However, again as with GaAs, the
high solubility of the oxide in the high pH electrolyte
causes large errors when attempts are made to repro-
duce an oxide thickness-voltage plot (i.e., very short
delays in removing the sample from the solution and
rinsing it can introduce large errors due to the severe
etching of the formed oxide). It is therefore recom-
mended that this pH range be considered more for its
electroetching potential than for its oxide growth
capability.

Anodic oxidation in mnear mneutral [(NH,):HPO,)
water: GaAs.—Because deionized water (i.e., 16 meg-
ohm-cm) has extremely low conductivity, it is very
difficult to achieve an anodization of GaAs or GaP at
moderate voltages. It was therefore decided to attempt
to modify the conductivity of the deionized water with-
out going very far in either the acidic or the basic
direction. This is easily accomplished by the use of
the ammonium acid phosphate salts, and we chose
to examine (NH,)HPO4 as the additive; a 0.1N aque-
ous solution of this reagent will automatically adjust
to a pH of 7.8. When a constant voltage anodization
at 100V was attempted, the classic rapid current falloff
was observed and a gold-colored oxide (i.e., 2000A)
was found on the sample. Adjusting the pll of the
solution to 7.15 by the addition of H3PO, also yielded
pood oxidation. It appeared that some slight etching
of the oxide occurred in the original pH 7.8 solution,
and less in the 7.15 pH solution. A further discussion
of the potential of this syslem appears in the next
section which deals with masked anodization.

Restricted-area anodic oxidation: Gads and GaP.—
All anodizations described thus far were performed by
immersing the samples in the electrolyte and anodizing
the entire exposed surface area. Subsequent to anodiza-
tion photolithographic-processing has been utilized 1o
define specifically required oxidized and nonoxidized
regions of the surface for further device fabrication
needs (13). Thus certain implied restrictions were
placed on the condition of the sample to allow for this
processing approach (e.g., no nonoxidizable ohmic con-
tacts were to be exposed). In addition, it had been
noted (13) that in the development of the photoresist
(i.e., AZ-111) the developing solution was caustic
enough that both the exposed photoresist and the
underlying grown oxide were removed simultaneously.
Although this single develop-etch process simplifies the
operation of oxide pattern generation, it provides for
a less controlled geometry in that undercutting of the
oxide is a severe problem when one attempts to achieve
fine line definition. When a negative resist was used
with a nonalkaline developer, the single develop-etch
step was eliminated. However, it was difficult to con-
trol the amount of oxide underculting during the
oxide etch step.

As an alternative to using oxidation first and then
photolithography, an experiment in reversing the order
(i.e., first photolithography and then anodization) was

attempted. When this was performed in the 30¢¢ H.O.

clectrolytic system, it was found that the photoresist
could survive only for seconds because of the strong
oxidizing action of the HsO2 on the orgunic polvmer.
llowever, when the same experiment was tried on
some n-type GaAs in acidic water (pll = 205, 55V
bias, 60 sec anodization time) with the Ealing test
patiérn as the geometry system, localized oxidation
was observed. The sample was then placed in an ace-
tone-containing Soxhlet extractor (after being blot-
dried but not baked) and the photoresist was stripped
from the sample. Subsequent baking in a nitrogen-
purged oven at 95°C for 1 hr and then at 250C for 2
hr yielded the sample shown, in Fig. 12 (i.e., the dark
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Fig. 12. A GoAs sample with deposited Ealing test pattern ofter
anodization at 55V in water of pH = 2.5 ond after removal of
the photoresist. The oxidized wreus are dork; original magnifica-
tion was approximately 30X.

regions are the oxidized areas). On careful examination
of the generated oxide pattern, it was determined that
oxide stripes 5x wide were well delinealed on the sur-
face of the GaAs.

When a similar experiment was attempted in basic
water (i.e., pll = 10, NI11,OlI), similar oxidation re-
sults were obtained. However, when the sample was

allowed to sit in the electrolyte after the voltage was™

turned off, the oxide redissolved. A restricted-area
etching experiment was then performed whereby a
photoresisted sample was anodized in basic water un-
der conditions similar to those shown in Fig. 7; 120V
for 40 sec and then 20V for G0 see for a total of 3 com-
plete eyeles. Subsequent Talystep scanning of the sam-
ple surface (after removal of the AZ-111 with acetone)
showed that the 3 eveles of oxidation and dissolution
produced steps about GO00A deep. The delineation of
tne Euling pattern was only fair, however, .because
the AZ-111 had obviously been attacked by the alka-
I'me water.

In either cuse (i.e., acidie or basic water), after a
few minutes exposure of the photoresist to the electro-
Iytic solution, deterioration of the resist was observed.
However, when a similar experiment was performed
in water with (NH,;):HPO, as the conductivity modi-
fier, oxidation was observed; and negligible attack oc-
curred on the photoresist even after 10 min exposure.

Anodic etching: GaAs and GaP.—Up to this point,
the discussion has centered about the anodization of
GaAs and GaP in phosphate or hydroxide solutions,
Previous observations revealed that a change in the
anion used for pH modification to NOy— or Cl— re-
sulted in severce inhibition of oxide growth (2). A
more detailed examination of this effeet indicates that
electrolytic etching takes place in the presence of
these two anions (ie., the oxide never really grows
very thick before it is dissolved in the electrolyte).
The contamination level required before an anion will
cause the system to shift from oxide growth 1o etching
has been determined. The approach used was to take
concentrated HCl and 1INO; and dilute, 1 ml acid
to 99 ml water. One drop of this diluted acid® was
then added each time to about 400 ml of HzPO;-

—mnidifind_wister nreset at a pll of 3. An anodization
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Fig. 13. Current-time curves for a constant voltage (50V)
anodization of n-type (Npp — Ny == 1 X 10" cm™%) GuAs in
acidic (pH = 3) water. (A) Contamination with dilute HCI where
coch drop of additive provided 4.4 X 1076 moles of HCI (8)
Contominated with dilute HNO; where cach drop of additive
provided 6.2 X 10° % moles of HNO,. (C) Contominated with
dilute H.S0; where each drop of odditive provided 6.8 X 10-¢
moles of H:50,.

_ " a &
c

curve {constant voltage) was then generated using a
new piece of standard n-type, silicon-doped GaAs with
Np — Na| =~ 1 x 10 at a fixed 50V bias. Figure 13
A and B are the current-time curves of the s.mples
after zero to four drops of diluted acid were added 0
the electrolytic solution. Note, in Fig. 13A, that there
was a very gradual increase in the saturation current
for the HCl-contaminated solution from almost the
first drop, but that there was a large shift on the ad-
dition of the third and fourth drops of contaminant.
The 1INOs-contaminated system did not appear to e
spond until at least the third drop, but by the fourth
drop it reacted severely. Considering that onc drop ¢
added dilute solution caused an impurity level of :IDO‘_"
0.2-0.3 parts per million, it appears that at approX
mately one part per million of either NO3~ or clm
radical effects are observed.

Because not all acidic anions are deleterious to 0% i
ide growth (ec.g., phosphate, tartrate, citrate), it wai_:
decided to examine H.SO; to determine the effect of
the sulfate anion. Figure 13C shows that very little.
effect on the anodization curves was observed uP
about 100 drops of diluted 11.S0, and that at 200 (lrol“.'

a moderate effect was beginning to emerge. Clt'i"":f"
the system can tolerate almost two orders of magn®
fude more sulfate ion than it can either chloride
nitrate ion.

Coing one step further, the conditions for curaight”
forward clectrolytic etching of GaAs and Gal’, }f
dilute solutions of HCI and IINOy have been sh;dl"“,
Table 1 is a summary of the etching characteristics o-;
both GaAs and GaP in these Yeagents as a functio? &
acid concentrations and current densities, An a“a]’s'ﬁ ,
of these data combined with impressions obtain€
visual examination of the surface after etching can 8
summarized as follows: (i) A current density 2 4
mA/em? and above “pulverizes” the surface, Jea"";fﬁt
black-appearing residue on the surface, (ii) A curg:!'.""

Vo4 % e enreface
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Table 1.
R -
Sample Electron
5 Concen- surface Amount CUnversiun
Run tration area Orten- Current=* Voltage retoved cilicicney
pumber Acid Sample* (normality) (ecm®) tation (nA) V) A) 5
1 HNOa GaAs 1 0.5 (100) 5.0 1.6 3,750 125
2 HNOy GuAs 1 0.5 (100} 10.0 2.5 5,000 L3
3 HNOy GuAs 1 0.5 (100) a0.0 5.3 100,000 e
4 HNOy GuAs 1 0.5 (100) 1.0 1.2 T30 -—_
5 HNOy GuAs 0.1 0.5 (100} 5.0 2.4 G000 20,0
6 HNOu GuAs 0.1 0.5 (100) 10.0 3.2 7.125 143.0
7 HNOy GaAs 0.1 0.5 (100) 20.0 g4 6G4.000 —
8 HNOy GuAs 0.1 0.5 (1u0) 1.0 1.u 2000 —
o HNOy GaAs 0.01 0.4 11uo) 5.0 4.8 3T 1.7
10 HNOy GaAs 0.01 0.4 {1uw) 10.0 6.2 1.3un 1.6
11 HNOy GaAs 0.01 U4 (1ud) 1.0 2.0 750 .5
12 HCI GuAs 0.l 0.5 (100} 1.0 1.0 T 110
13 HCI GuAs 0.1 0.5 100) 5.0 2.0 10,000 a3.3
14 HNOs Gul 0.1 0.5 (111) 5.0 —_ a0 —
15 HNO, GaP 0.1 0.5 (111) 10.0 _ 1.250 —_
i -
¢ All samples were n-type.
- we All sumples anodlzed for 300 sec.
delineating some of the residual polishing scratches. Eq. [3] is
V = KLt + LR [4)

(iii) The most eflicient current density for good elec-
trolytic etching is between 10 and 20 mA/em=,

Discussion
.. Analysis of electrical control parameters—Until this
point only the phenomenological observations made
during the anodization of GaAs and GaP have been
described. In this section an attempt is made to obtain
better understanding of the anodization processes by
developing a set of current-voltage-time equations
based on a very simple linearized equivalent circuit,
shown in Fig. 14. In this circuit the oxide resistance
is represented by a variable resistance, r, which during
anodic oxidation varies from essentially zero to ex-
tremely large values while during anodic etching re-
mains very small.
From the two basic equations:

Ohm's law
I{_: I(r - R) [1]

where r and R are the resistances of the oxide and of
the solution, respectively, and
Faraday's law

t
r:KJ.o I(t)dt [2]

where the constant K includes all parameters assumed
‘U_be constant, such as the geometrical factors, the
oxide composition, resistivity, and electron-to-oxide
conversion efliciency, etc. The time-dependent form
ofOhm’s law which results is

dd (R KJ“I( dt) L Kl 3
. —_—= t -— 2
B v at -+ - ) at + {3]
5y P“")“le case of constant current, I = I, the solution of

L T
AT

For the case of constant voltage, V = V,, Eq. [3] re-
duces to

ol
(T+R)—,i?+ KI?=10 [5]
which has a solution ) '
Va2
I= —_—— [6]
R2 4 2V, Kt
or with proper substitutions
r=+\/R*+2V,Kt — R [
The voltage drop across the oxide, V,, is then
Vo=V (1- ——) (8]
eT e T+ R

One can now readily see, that by taking the deriva-
tive of Eq. [4), the time variation of voltage at con-
stant current is a constant, which is exactly what was
observed in the data of Fig. 2. Since in this analysis
it was assumed that the resistivity, among other fac-
tors, was held constant in order to yield the linear
voltage-time dependence, the experimental verifica-
tion of this linear dependence implies that the resistiv-
ity of the growing film is constant under the constant-
current anodization conditions studied here,

Also note, from Eq. [6], that the current-time rela-
tionship, at constant voltage, is a relatively compli-
cated expression. Whereas previously an exponentiul
dependence of current on time had been assumed (2),
one can now see that an inverse square root form of
dependence on time could be governing the situation.
The extremely rapid current falloff in the initial stages
of anodization is now recognized to be due to the opera-
tion of the parameter K (which has a value of about
105 ohms-coulombs—!) on t in Eq. [6].

In utilizing the equivalent circuit shown in Fig. 14,
the situation has been drastically oversimplified. The
assumption is made for example, that R is a simple
constant, that there is no voltage drop in the semicon-
ductor, and that there is no charge storage in the oxide.
These simplifications have allowed a working basis
from which to start. These correetions may now be in-
corporated into the equations just developed.

Since the simple properties of concentrated acids and
bases are well known (15), one can easily determine
that the reagent concentrations for the anodic oxida-
tion systems under study are approximately 0.002M
for 3P0, and 0.02M for NH,OH. In Tables II and III
are listed the resistivity, equivalent conductance, and
pH as functions of molarity of IHyPO; and NII,0OH
solutions, respectively (only values up to about 10M
are listed). On the basis of these data, one might
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Table 1.
Equivalent
* (19, 20))
conductance
Concentration Resistivity* (mho-cm®/f pll
tegquiv./ iter) {ohun-cm) gevquiv.) (21, 15)
Pure water 2.5 x 107 _ 7
0.0 hinlinite
dilution) —_ 376 -—
0.002 (HzPOy) 0.64 3119 ——
0.01 4.50 2220 ~2.15
0.05 37.74 132.0 —
0.1 96.15 104.0 1.5
0.43 7144 42.55 —
0.49 49.48 28,40 —
1.66 24.55 25.57 -
5.37 12,40 15.01 s
7.96 $.98 12.59 e
11.20 7.480 11.44 —
* Calculated.
Table M.
Equivalent (22)
cvonductance
Concentration Resistivity® . tmho-cin®/
{edquiv./ hiter) (ohm-cm) g-equiv.) pH (14)
Pure water 2.5 x 107 — T
0.0 {infinite
diluttan) — . 242 =
o0.0001 {(NH,OH) 15.2 x 10¢ i G ]
0.0005 52.6 x 1 38 —
0.001 45.7 x 1¥ oy _—
0.005 15.2 x 10* 132 —
0.01 10.4 x 107 0.6 10.6
0.05 43.5 x 10?2 4.6 —
0.1 HU.9 % 102 4.4 11.1
0.5 148 x 0¥ 1.35 —
1.0 11.2 x 1 0.89 11.6
5.0 9.9 x 102 0.202 —_—
10.0 18.5 x 14 0.054 —

« Calculated,”
e Eatumaled,

postulate that: (i) The simple solution resistance for
the caustic system should be about 5 orders of magni-
tude higher than for the acid system used, and (i)
because the minimum in the acid system resistivity is
close to the 2 X 10-3M determined for the electrolyte
concentration used, this should be the governing fac-
tor in the shape of Fig. 5.

Unfortunately, the data indicate a factor of only
about 10 difference in our anode-to-cathode electrical
resistance (i.e., approximately 30-3 kohms for base and
acid, respectively) and not the factor of 105 predicted.
This higher resistance in the caustic system could also
be involved in the very rapid voltage increases noted in
Fig. 8. Note that whereas Table II predicts a factor of
20 increase in resistance between pll = 2.15 and 1.5,
the data in Fig. 5 show that there is a drop in ultimate
thickness of about a factor of 3. Unquestionably, the
resistance of the solution is an important factor in
the control of oxide formation, but it is not the total
answer.

Examining the question of field distribution in going
from the solution into the solid anode, one finds that
at least five “resistances” must be taken into account:
the depletion region at the liquid-oxide interface, the
oxide iteelf, the depletion width in the semiconductor,
the resistance in the bulk of the semiconductor,
and the contact resistance between the semiconductor
and the aluminum-tipped tweezers. One can dispense
with the bulk and contact resistances by assuming
that they are constant and can be included in R of
Fig. 14. It must be kept in mind, however, that a large
change in the free carrier concentration in the semi-
conductor could introduce an appreciable amount of
bulk series resistance, therchy altering the field dis-
tribution available for oxidation” at the surface. For
this reason one should expect moderale effects on the
position of the thickness-voltage curve (such as that
shown in Fig. 9) for samples with lower or higher free
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carrier density than was used to generate any of the
voltage thickness curves in this paper.

The three remaining resistances to be considered
are the two depletion regions at the liquid-oxide and
oxide-semiconductor interfaces and the oxide resist-
ance itself, It was shown recently (16) that when an
n-type electrode is used as the anode in either of these
electrolytes, a reverse biased Schottky diode situation
is achieved. One can therefore expact that the addi-
tional voltage drop across the depletion layer in the
semiconductor will also cause variation in the position
of voltage vs. thickness plots as the doping density of
the semiconductor varies., Therefore, in order to he
more thorough, one would have to account for this
additional voltage drop (V) in Eq. [8] by subtract-
ing it from Vg thus

Volt) = (Va = Vi) (r(1) 19)

One possible way to minimize this doping level eflect
is to generate free carriers optically, with high in-
tensity light of the proper energy.

Similarly, if one examines the solutions being used
for these oxidations one finds that there are L1 x
10'8 and 5 X 10!7 ionized molecules/em? for the HyPO,
and NH,OH solutions, respectively. Again, depletion
regions are formed on the solution side of the electro-
lyte-oxide interface because of the higher dielectric
constant of water [80 for pure H:O as against 11 and
10 for GaAs and GaP, respectively (15, 17)]. Also, the
caustic solution will have a larger voltage drop than
the acid solution because of the lower free charge
density in the former solution. Consideration of the
voltage drop, Vs, across the depletion region on the
electrolyte side of the solution-oxide interface results
in an additional modification to Eq. [8]) shown as

Vo= (Vo — Vi = V) (r(1)) [10)

Rarlier in this section.we concluded that the resis-
tivity of the oxide was a constant because of the linear-
ity of the voltage-time plot of Iig. 2. This does not
neeessarily mean, however, that the oxide is absolutely
uniform in the lack of distributed charge. On the con-
trary, some recent yesults (18) concerning the con-
duction mechanism for oxides indicate the presence
of large quantities of trapped charges in the oxide. If
this is so, then on the average, the resistivity of the
oxide can be a constant, but the local field in the oxide
does not necessarily have to be constant. Therefore, as
the oxide becomes thicker, the field nonuniformities
can become appreciable; and a stage is finally reached
where nonuniform oxide growth will occur. The au-
thors realize, however, that this is not the full explana-
tion of the nenuniform coloration on the 200V saml’l_es-
As was mentioned carlier, films grown at appli
biases up to about 180V for GaAs and 125V for Ga
in acidic baths had constant refractive indexcs (st
and 1.60, respectively), but above this voltage rangé:.
the apparent refractive index began to deviate mat®,
edly from these values (see Fig. 10). We believe this
deviation is due to the formation of a peculiar infef.
face region, which is neither well defined nor We
understood, but which interferes with a good 5])ecul3r
reflection from the oxide-semiconductor interface.

In the analysis presented here, all of the charge
riers in the anodization system have been 15"33‘ i
identically, and diflerentiating between electrani® ar= o
ionic current has been avoided, Obviously, simpli "'ae ;
tion has been employed again in order to make
problem tractable. Because the specific ionic Sl’e'ﬂf’;
moving in and through the oxides are not kf}o“’
(from either the semiconductor or the electrolyte S‘d‘ei; .
it would be foolhardy to attempt an in-depth aﬂﬂl}s.n_ ;
of the drift effects that most assuredly play 2 f"eh,.-.fi
the anodic oxidation of these materials. Hloweven
following can be done as a first attempt in this d:;-riﬂ X
tion. The field across the oxide that causes ionic & ..
of the oxidant is . Ry

i
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Vo
d
wiere d is the thickness of the oxide. Note that the
slope of the thickness vs. applied bias curves (sce Fig.
3 and 9) is d/V,, the slopes being 20 and 12 A/V for
GaAs and GaP, respectively. In obtaining the data for
Fig. 3 and 9, heavily doped material (ie., ~1 x 108
em~!) was used and therefore Vy was approximately
< 10V (17). Because high-conductivily solutions were
used, Vi can be expected to be negligibly small. There-
fore, at t = oo under constant voltage conditions

[11]

E,

o= Va—10 [12]
but at high applied voltages
Vo Va [13]
and one can therefore write
L)
E, = -3— == (slope) —! [14)

o
This means, then, that for GaAs and GaP, E, = § x

108 and 8 X 107 V/cm, respectively, and one might
consider these to be the critical fields necessary for

. oxide growth to take place.
. It is hoped that some future studies will help to

‘elaborate the details of the mechanisms interactive in

Conclusions

b Information is reported regarding the anodization
- of GaAs and GaP in aqueous solutions, whereby one

can oblain either controlled oxide growth or controlled

“electrolytic etching., By replacing the older (i.e., aque-

ous I1:0;) approach with the simpler, cheaper water
system, one eliminates the problems of spontaneous
electrolyte decomposition at the platinum cathode.
Also, because of the absence of gas generation, the
need for the baftle between the anode and the cathode
has disappeared and apparatus requirements have been
simplified still further. In addition, since one no longer
need purchase a commercial product (i.e., H.0:) from
an outside vendor, it is now possible to have total
control of all aspects of the electrolyte preparation.

The influence of a graded region at the semicon-
ductor oxide interface is seen in the anomalous ellip-,
fometry values obtained on samples grown at high
Voltages. More work will have to be done in order
to explain these effects.

Acknowledgments

The authors would like to extend sincere thanks to

. the many colleagues whose discussions and comments

.,
ANODIZATION OF GaAs AND GaP

1097

were helpful to us, We especially wish to thank D. 1,
Rode for his analysis that led to the develupment of
the I-V-t cquations, D. E. Aspnes for his assistance
with ellipsometry problems, E. 11, Nicollian for discus-
sions on the charge in the oxide, F. K. Reinhart and
W. C. Niehaus for discussions regarding the depletion
layers at the two oxide interfaces, D. L. Deppen for
his preparation of the photoresist pattern used in re-
stricted-area oxidations, and A. P. Pisarchik for his
general help on this project.

Manuscript submitted Sept 29. 1975; revised manu-
script received Ieb., 9, 1976, This was Paper 282
presented at the Miami Beach, Florida, Mecting of the
Society, Oct. 8-13, 1972,

Any discussion of this paper will appear in a Discuis-
sion Section to be published in the June 1977 JOURNAL.
All discussions for the June 1977 Discussion Section
should be submitted by Feb. 1, 1977,

Publication costs of this article were partially as-
sisted by Bell Lauboratories.

REFERENCES

1. B. Schwartz and W. J. Sundburg This Journal,
120, 576 (1973).

. R. A. Logan, B, Schwartz, and W. J. Sundburg,
ibid., 1220, 385 (1973).

. 8. M, Spitzer, B, Schwartz, and G. D. Weigle, ibid.,
122, 397 (1975).

. F. Ermanis and B. Schwartz, ibid., 121, 1665 (1974).

. R. L. Hartman, B. Schwartz, and M. Kuhn, Appl.
Phys. Letters, 18, 304 (1971).

. B. Schwartz, J. C. Dyment, and S. E. Haszko, “Gal-
lium Arsenide and Related Compounds 1972
p. 187, The Institute of Physics, London (1973),

7. S. M. Spitzer, B. Schwartz, and G. D. Weigle, This

Journal, 121, 820 (1974).
8. J. M. Poate, P, J. Silverman, and J. Yahalom,
J. Phys. Chem. Solids, 34, 1847 (1973). ..

9. N. N. Axelrod, H. J. Levinstein, and W. Royer,
Private communication,

. W. C. Nichaus and B. Schwartz, Submitted to
Solid State Electron.

. R.J. Archer, J. Opt. Soc. Am., 52, 970 (1962).

. D.E. Aspnes, Opt. Comm,, 8, 222 (1973).

R. L. ield, Jr., Private communication.

. H. Gerischer, Ber. Bunsenges, 69, 578 (1965).

. “ITundbook of Chemistry and Physics,” 50th ed.,
R. C. Weast, Editor, Chemical Rubber Co.,
Cleveland (1969).

. D, L. Rode, J. V. DiLorenzo, and B. Schwartz,
Solid State Electron., 17, 1119 (1974).

. S. M. Sze, "Physics of Semiconductor Devices,” p.
24, John Wiley & Sons, Inc¢.,, New York (1969).

18. E. H. Nicollian and B. Schwartz, To be published.

H. E. Phillips, J. Chem. Soc., London, 95, 59 (1909).

. A, A. Noyes, J. Am. Chem. Soc., 30, 335 (1908).

. H. T. S. Britton, J. Chem, Soc., 614 (1927).

. H. Falkenhagen, “Electrolytes,” Clarendon Press,
Oxford (1934).

[ I

(=]



Appendix B: SLAC Tests of the Anodization Process

The following is a description of anodization tests carried out at SLAC; it has been tran-
scribed (with minor editorial corrections) from a SLAC internal memorandum from T.

Roder to C. K. Sinclair dated 9/29/82.

Herewith is a description of the anodization process used by our laboratory to protect
and/or clean the surface of epitaxially grown GaAs wafers. This process, documented by
Schwartz et al. in J. Electrochem. Soc., 123, 1089 (July 1976), consists of anodizing the
GaAs in a 2.5 pH solution of phosphoric acid at a rate of about 20 A/V.

The anodization was carried out in a 100 ml Pyrex beaker which had been washed with
Deconex and rinsed three times with distilled water in the ultrasonic cleaner. The cathode
was fashioned from a 2 mil platinum wire shaped into a 1 inch diameter loop, which was
then suspended from the edge of the beaker by a length of the same platinum wire. The
GaAs wafer was held in pair of metal tweezers whose tips had been sheathed with small
wedges of 1100 aluminum so that no other metals except platinum and aluminum would
come in contact with the anodizing solution. Before being used to hold GaAs wafers, these
aluminum tips were anodized at 60 volts in the phosphoric acid solution, so that their
reaction with the solution would not generate an additional current during the anodization
of the GaAs. Electrical contact to the GaAs wafers was assured by scraping away with a
scalpel blade, small areas of aluminum oxide on the inside of the tweezer tips.

The anodization solution was mixed by adding two drops of phosphoric acid to ap-
proximately 800 cc of distilled water; the pH of the distilled water and of the solution -
6.5 and 2.5 respectively — was measured with a pH- meter. The solution was stored in
a polyethylene bottle. Early attempts at measuring precise values of pH with pH paper
proved to be unsatisfactory and the use of the latter for this purpose is to be discouraged.

Zn-doped GaAs wafers, that had been bromine-etched and stored in a desiccator for an
indeterminate period, were cleaned by the conventional procedure used in our lab - solvents,
sulfuric acid, HF, peroxides, and sodium hydroxide - and anodized at 25, 37.5, and 50 volts.
The wafer-to- cathode distance was maintained at less than 1/4 inch, and the wafers were
fully immersed in the anodizing solution. The current was monitored with a milliameter
and allowed to reach its minimum value at each voltage; these values ranged from 0.1 ma at
25 volts, to 1.1 ma at 50 volts, and were not linearly related to the anodization voltage. The
anodization was deemed to be complete after the current was maintained at its minimum
value for one minute, the assumption of completion being encouraged by the observation
that no further gas bubbles were being formed at the surface of the GaAs. The voltage
was then turned down to zero and the wafers were rinsed in distilled water and ethanol.
Because long-term storage was not envisaged for the anodized wafers, no attempt was made
to bake them in an inert atmosphere as described in Schwartz’s paper.

The anodized films are too thin to be measured by conventional interferometry; how-



Anodization || Wavelength Order Thickness
Voltage (nm) (A)
50 242.5 2 1055
385 1 1070
37.5 227.5 3/2 743
480 1/2 667
25 246.5 1 536
345 1/2 479

ever, their uniform, brilliant colors suggested the possibility that their thickness could be
calculated if the wavelengths of these colors were known. We therefore used the Beck-
man spectrophotometer to measure the surface reflectance of the films between 220 and
1600 nm. These recordings show that:

1. No detectable peaks occurred above 750 nm;

2. The sample anodized at 50 V, whose color was dark gold, produced a second-order
maximum at 242.5 nm, and a first-order maximum at 385 nm,;

3. The sample anodized at 37.5 V, whose color was light blue, produced a 3/2-order
minimum at 227.5 nm, and a 1/2-order minimum at 480 nm;

4. The sample anodized at 25 V, whose color was dark blue, produced a first-order
maximum at 246.5 nm, and a 1/2-order minimum at 345 nm.

The film thickness, t, was calculated from these values using the relation t = (order)
x wavelength/2n, where n is the index of refraction of the oxide. While this simple
relation does not take into account the phase shift arising at the substrate-oxide interface,
as discussed by Pliskin in Solid-State Elec. 11, 957 (1968), a measure of this phase shift
can be obtained by calculating the thicknesses at a relatively constant wavelength. The
variation of the refractive index with wavelength is thus eliminated and the phase shift can
then be determined directly from a plot of thickness vs. anodization voltage.

Two wavelength regions were selected for this purpose: 246.5 nm; and 385 nm. The
index of refraction at these two wavelengths was obtained from a paper by Aspnes et al.,
(JAP 48, 3510 (August 1977), as follows: n=1.8 at 246.5 nm; and n=2.3 at 385 nm. The
calculated oxide film thicknesses are tabulated below:



These points are plotted and two best-fit lines are drawn, one for each wavelength set.
Their slope is a measure of anodization rate, and their intercept is used to calculate the
phase shift by means of the relation: 2(p) x intercept/wavelength. The short-wavelength
line has a slope of 20 A/V and a phase shift of zero degrees, while the other has a slope of
24.2 A/V and a phase shift of -18.6 degrees.

The results, in particular the ones obtained at the shorter wavelengths, are sufficiently
reliable for confident use of this anodization process in our lab.



Appendix C: Cleaning the NPL Deionized Water System

The NPL deionized water system consists of a Barnstead Nanopure D4741 water treat-
ment system which is fed water that has been pre-treated by passing through a Culligan
U-68 mixed bed deionizing filter. If the deionized water system has not been used recently,
it should be cleaned according to the following procedure:

1. Save 15 gallons of deionized water from the system.

2. Remove the old filters from the system and discard them (following the procedure in
the Barnstead manual).

3. Make up the following disinfecting solutions:

(a) Bleach: Add 1 liter of bleach (5.25% sodium hypochlorite) to 15 liters of deion-
ized water to make a 0.3% solution.

(b) Hydrogen peroxide: Add 1/2 liter of 30% H,0, to 15 liters of deionized water.

4. Circulate each solution separately, starting with the bleach solution, for 20 to 30
minutes.

5. Discard the H,0, solution through the auxiliary draw off line. (DO NOT RINSE
SYSTEM)

6. Install new filters (Cole Palmer 1505-24,1505-26) following the Barnstead Procedure.

7. Check Culligan mixed bed pre-treatment filter. The “line purity” lamp should be lit
brightly. If it is not lit or very dim call Culligan and have the filter replaced.

8. Run system for several days prior to etching, dispensing water through the auxiliary
draw-off several times per day.



Appendix D: Glassware Cleaning Procedure

. Start with all new glassware.

. Ultrasonically clean each item three times using a solution of Alconox in deionized
water.

. Rinse each item out with methanol.

. Leach each item with boiling deionized water and cover with clean aluminum foil.

10



Appendix E: Etching Solution Preparation

Note that solutions should be mixed fresh each time the procedure is to be used. About
50 cc of each solution are required for each crystal.

1. H,SO4:

Mix a 4:1:1 solution of sulfuric acid, 30% H,0, and water as follows:

(a) Rinse 2 400 ml Pyrex beakers with sulfuric acid.
(b) Pour just over 200 ml of H,SO4 into one of the 400 ml beakers.

(c) Fill the other 400 ml beaker with 50 ml of water and 50 ml of H,0, a.nd place

the beaker in a large Pyrex dish full of ice. Insert a thermometer in the solution
to monitor its temperature.

(d) Slowly add 200 ml of H,SO4 to the H;O; and water solution. Do not let the
solution temperature rise above 80 C.

2. HF Acid:

(a) Rinse a 400 ml nalgene tripour beaker with HF.
(b) Fill beaker with 100 ml of HF.

3. NaOH:

(a) Half fill a 400 ml nalgene tripour beaker with water.
(b) Dissolve a few NaOH pellets in it, then rinse it out.
(c) Weigh 4 grams of NaOH pellets into the beaker.

(d) Add 100 ml of deionized water and wait for the pellets to dissolve.
(IN NaOH = 4 grams/100 ml)

(e) Add 100 ml of 30% H202.
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